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Abstract: Carbon coated iron and expanded natural graphite are selected as the additives in developing 6 
novel consolidated composite strontium chloride, which is attempted to improve heat and mass transfer 7 
performance. Due to anisotropic characteristics, both disk and plate samples are investigated which are 8 
parallel and perpendicular to compression direction respectively. It is worth noting that thermal 9 
conductivity of composite sorbent increases with the increase of density and the decrease of mass ratio 10 
whereas permeability shows a reverse trend. Results demonstrate that the highest thermal conductivity 11 
of composite strontium chloride with carbon coated iron could reach 2.95 W·m-1·K-1, which is 12 
improved by 14 times when compared with granular salt. Permeability of composite sorbent ranges 13 
from 1.2×10-9 m2 to 4.5×10-14 m2 when density is in the range between 400 kg·m-3 and 600 kg·m-3. 14 
Sorption characteristic of composite sorbent with carbon coated iron is also investigated and compared 15 
with that not adding carbon coated iron. Under the condition of -10oC evaporation temperature, 16 
sorption reaction rate of composite sorbent with carbon coated iron is better than that without carbon 17 
coated iron due to the improved mass transfer performance. Sorption rates of composite sorbents are 18 
almost the same when evaporation temperature reaches 10oC. 19 
 20 
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Nomenclature 22 
A Area of cross section (m2) 
Al@C Carbon coated aluminum 
B Shape factor 
C Specific heat (J·g-1·K-1) 
EDX Energy dispersive x-ray 
ENG Expanded natural graphite 
ENG-TSA Expanded natural graphite treated with sulfuric acid 
Fe@C Carbon coated iron 
GF Graphite flake 
K Permeability (m2) 
m Mass flow rate (kg·s-1) 
MWCNT Multi-walled carbon nanotube 
Ni@C Carbon coated nickel 
P Pressure (Pa)  
q Gas volume flow rate (L·min-1) 
R Gas constant (J·mol-1·K-1)  
SCP Specific cooling power (W·kg-1) 
SEM Scanning electron microscopy 
T Temperature (oC) 
TES Thermal energy storage 
t Time (s) 
V Axial velocity (kg·s-1) 
x Sorption capacity (kg·kg-1) 
Greek letters 23 
α Thermal diffusivity (mm2·s-1) 
β Mass ratio of ENG  
γ  Mass ratio of Fe@C 
λ Thermal conductivity (W·m-1·K-1) 
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μ Gas viscosity (Pa·s) 
ρ  Density (kg·m-3) 
v’ Specific volume of saturated liquid ammonia (m3·kg-1) 
v” Specific volume of saturated vapor ammonia (m3·kg-1) 
v Sorption rate (kg·kg-1·s-1) 
Subscripts 24 
a Axial 
c Cross section 
con Condensation 
de Desorption 
e Evaporation 
in Inlet 
max Maximum 
out Outlet 
SrCl2 Strontium chloride 
sorb Sorbent 
 25 
1. Introduction 26 
Sorption reaction process is regarded as one of the most prospective approaches for low grade heat 27 
utilization due to its various applications of refrigeration [1, 2], heat pump [3, 4], power generation [5, 6], 28 
thermal energy storage (TES) [7, 8], carbon capture [9], desalination [10], etc. An eternal challenge is how to 29 
further realize desirable heat and mass transfer performance [11], which will have a great influence on sorption 30 
characteristic [12]. To address this problem, a main solution depends on the improvement of sorption reactor 31 
which consists of heat and mass transfer enhancement of heat exchanger and sorbent [13].  32 
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Various researches have been investigated to intensify heat transfer of heat exchanger by increasing heat 33 
transfer areas of finned tube [14]. Nonetheless, the larger heat transfer area inevitably increases thermal capacity 34 
which results in a low system efficiency [15]. In fact, heat transfer enhancement of heat exchanger has a limited 35 
improvement on sorption reactor due to the fact that the largest thermal resistance lies in sorbent side [16]. 36 
Therefore, heat and mass transfer enhancement of sorbent is essential for sorption systems. It is extensively 37 
acknowledged that composite sorbent is an effective method for heat and mass transfer intensification. Different 38 
matrices such as expanded natural graphite (ENG) [17], vermiculite [18, 19] and carbon nanoparticle [20] have 39 
been selected as the additives in developing composite sorbents. Among them, ENG has been widely 40 
investigated which could be classified into different types in term of its intercalation compound. Considering 41 
ENG without intercalation compound, early study of composite sorbent was carried out by Mauran et al. Results 42 
indicated that ENG could improve heat transfer of metal chloride [21]. Later, Tamainot-Telto et al. investigated 43 
thermal conductivity of composite sorbent by mixing activated carbon and ENG, and analysed its possible 44 
application for sorption refrigeration and heat pump [22, 23]. Jiang et al. [24, 25] evaluated thermal conductivity 45 
and permeability of eight different metal chlorides with ENG, and compared their properties in the sorption 46 
process. As for ENG with intercalation compound, expanded natural graphite treated with sulfuric acid 47 
(ENG-TSA) is quite representative, and sulphuric acid is adopted as graphite intercalation compound in the 48 
exfoliation process to obtain a lower density [26, 27]. Jiang et al. developed composite CaCl2 with ENG-TSA as 49 
matrix. Results demonstrated that the highest thermal conductivity was able to reach 88.1 W·m-1·K-1 while 50 
permeability decreased to the magnitude of 10-14 m2 [28]. One remarkable fact is that ENG is a good additive to 51 
improve heat transfer performance of the sorbent whereas mass transfer is slightly weakened.  52 
Vermiculite has been verified to improve mass transfer performance of composite sorbent. However, heat 53 
transfer is not able to be further improved by using vermiculite as matrix since it has a relatively low thermal 54 
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conductivity [29]. In recent years, carbon nanoparticles are expected to improve heat transfer performance due to 55 
its distinguished characteristic. Yan et al. investigated sorption performance of multi-walled carbon nanotubes 56 
(MWCNT) and revealed that MWCNT could be selected as an additive for metal chlorides in the development of 57 
composite sorbent [30]. After that, a novel composite CaCl2 with MWCNT as matrix was developed for 58 
investigating thermal conductivity and sorption kinetic. Results indicated that MWCNT was conducive to mass 59 
transfer performance with a limited improvement for thermal conductivity [31]. Comparably, carbon coated 60 
metal is also investigated for developing composite sorbent because of its wrapped structure. Carbon coating 61 
protects external condition for metal inside with excellent thermo-physical properties remained, which could 62 
prevent serious swelling and agglomeration in mass transfer process [32, 33]. Since ENG and carbon 63 
nanoparticles have respective influence on granular sorbent, it tends to consider a coupling enhancement of 64 
composite sorbent by using both of the additives. Our previous work verified that additives of ENG and carbon 65 
coated aluminum (Al@C) had a positive influence on heat and mass transfer performance of sorbent [34]. 66 
Nonetheless, various carbon coated metals have a different influence on heat and mass transfer of sorbents. This 67 
may result in a diversity of sorption and desorption performance, which could be used for different applications. 68 
This paper aims to further investigate novel composite SrCl2 which is impregnated with ENG and carbon 69 
coated iron (Fe@C). Composite sorbents with different matrices i.e. carbon coated nickel (Ni@C), Al@C and 70 
Fe@C are comprehensively compared and analyzed in term of heat and mass transfer performance. Also sorption 71 
characteristic is investigated and analyzed based on the improved heat and mass transfer performance. 72 
 73 
2. Development of novel composite SrCl2 74 
Thermochemical reaction process of SrCl2 with ammonia could be according to equations 1-2. Table 1 75 
indicates the main parameters of SrCl2 in term of equilibrium desorption temperature, molar mass, maximum 76 
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cycle sorption capacity, thermal conductivity and permeability, reaction enthalpy and entropy. To simplify the 77 
description of chemisorption process of SrCl2, phrase of SrCl2 8/1 is used in the rest of this paper, which 78 
represents that SrCl2 ammoniate reacts with ammonia from 1 mole to 8 moles. As for reaction process from 0 79 
mole to 1 mole, it is difficult to be used in general temperature range of low grade heat i.e. lower than 300oC. 80 
 81 
Table 1. The main parameters of granular SrCl2. 82 
Sorbent SrCl2 8/1 
Equilibrium desorption temperature (oC) 96 (30oC condensation temperature) 
Molar mass (g·mol-1) 158.4 
Reaction enthalpy ∆H (J·mol-1) 41432 
Reaction entropy ∆S (J·mol-1·K-1) 228.6 
Maximum cycle sorption capacity ∆xmax (kg·kg-1) 0.75 
Thermal conductivity (W·m-1·K-1) 0.21 
Permeability (m2) 10-9 
 83 
22 3 3 2 3 SrCl
SrCl NH +7NH SrCl 8NH +7ΔH                    (1) 84 
3 3 conNH (gas) NH (liq) H                            (2) 85 
ENG is beforehand expanded by the optimal expanding process, i.e. heating expandable natural graphite in 86 
an oven at the temperature of 600oC for 8 minutes [35]. Detailed developing processes of novel composite SrCl2 87 
with ENG and Fe@C are illustrated in Fig.1. First, Fe@C is dispersed with ethanol in ultrasonic bath for 30 88 
minutes to prevent the aggregation (a1 process). Meanwhile, SrCl2 is stirred and dissolved in the water (a2 89 
process). Then ENG is dried in an oven at a controlled temperature of 120oC for two hours. ENG, Fe@C and 90 
SrCl2 solution are stirred and mixed together in ultrasonic bath for another 30 minutes (b process). After that, the 91 
mixture will be dried in an oven at 160oC for 48 hours (c process). Composite sorbent is developed, and it will be 92 
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put into a vessel and pressed by compressing machine (d process). Finally, consolidated composite sorbent will 93 
be transferred into sample mold for testing (e process).  94 
Considering our previous work of composite SrCl2 with ENG and Al@C, crack easily happens if density is 95 
lower than 400 kg·m-3, which brings about poor mechanical stability of composite sorbent. Similar with our 96 
previous work, density of novel composite SrCl2 with ENG and Fe@C is selected in the range from 500 kg·m-3 97 
to 800 kg·m-3 which is suitable for comparison. Mass ratio between SrCl2 and ENG ranges from 50% to 83% i.e. 98 
from 1:1 to 5:1 whereas mass ratio between ENG and Fe@C is adopted as 20:1 [36]. Bulk density of ENG is 99 
indicated in Fig.2 which is calculated by dividing the whole volume with mass of ENG. It is worth noting that 100 
bulk density of ENG is in the range from 85 kg·m-3 to 392 kg·m-3. For comparing anisotropic characteristics, 101 
both disk and plate samples are developed i.e. heat and mass transfer testing direction are parallel and 102 
perpendicular to compression direction, respectively.  103 
 104 
 105 
Fig.1. Developing process of novel composite SrCl2 with ENG and Fe@C.  106 
 107 
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 108 
Fig.2. Bulk density of ENG vs. density of novel composite SrCl2 with ENG and Fe@C. 109 
 110 
Fig.3 demonstrates SEM image and EDX mapping of novel composite SrCl2 with ENG and Fe@C which is 111 
used to further observe microscale characteristic. Fig.3a demonstrates SEM image of composite SrCl2, which 112 
illustrates its surface morphology. Fig.3b and Fig.3c show the distribution of element Fe and Cl, which reveals 113 
the uniformity of Fe@C and SrCl2.  114 
 115 
   
(a) (b) (c) 
Fig.3. SEM image and EDX mapping of novel composite SrCl2 (a) SEM; (b) EDX mapping of element Fe; (c) 116 
EDX mapping of element Cl. 117 
 118 
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3. Testing methodology 119 
The detailed testing procedures of heat and mass transfer performance could refer to our previous work [34]. 120 
Thermal conductivity of novel composite sorbent is investigated by laser flash method, and the concerning 121 
testing unit is LFA467 instrument in this experiment. Under this scenario, thermal conductivity is evaluated by 122 
equation 3, which is a product of thermal diffusivity, specific heat and density. Thermal diffusivity is determined 123 
by half temperature rising curve. The random error of this testing equipment is less than 0.1%, and the largest 124 
relative error of thermal conductivity is 5%. 125 
         pT T C T T                                (3) 126 
where λ(T) is thermal conductivity at a testing temperature (W·m-1·K-1), α(T) is thermal diffusivity (mm2·s-1), 127 
Cp(T) is specific heat (J·g-1·K-1), ρ(T) is density of composite sorbent (kg·m-3).  128 
Permeability is measured by a specially designed testing unit, which is mainly composed of testing 129 
chamber, pressure differential transmitter and rotermeter. Permeability could be determined by flow rate and 130 
pressure drop according to equation 4 and 5. Ergun model is applied for testing the permeability and no 131 
compressibility effects exist [37]. Pressure difference is tested by differential pressure meter with the error of 132 
0.5%, and gas mass flowrate is tested by flow meter with the error of 4%. The average relative error of K is 133 
calculated, and the error of permeability is 5.08%. 134 
 135 
1
Y BX
K
                                        (4) 136 
where 137 
2 2
in out( ) ; ;
2
a
a a
a
P P S m
Y X m AV
RT m z S

 

  

                  (5) 138 
where K is permeability (m2), B is shape factor, Pin and Pout are the inlet and outlet pressure of nitrogen gas, A is 139 
area of cross section (m2), R is gas constant (J·kg-1·K-1), T is testing temperature (K), Δz is thickness of samples, 140 
μ and ρ are gas viscosity (Pa·s) and density (kg·m-3); ma is mass flow rate of the gas (kg·s-1), Va is axial velocity 141 
(m·s-1).  142 
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As for sorption characteristic of composite SrCl2, the detailed testing processes could be referred to the 143 
reference [38]. The test unit is mainly composed of a sorption reactor, a refrigerant vessel, two thermostat baths, 144 
a pressure transmitter, three platinum resistance thermometers, a pressure sensor and several valves, etc. The 145 
refrigerant vessel plays a role as evaporator. Sorption capacity of composite sorbent is calculated by the 146 
refrigerant level in the vessel, which could be evaluated according to equation 6. 147 
e c
sorb e
'( )1
(1- )
''( ) g
v T A
x P
m v T
  
      
  
                         (6) 148 
where msorb is mass of composite SrCl2 (kg), v’(Te) and v”(Te) are specific volume of saturated liquid ammonia 149 
and saturated vapor ammonia (m3·kg-1), Ac is the effective area of cross section of ammonia in the vessel (m2), g 150 
is gravity acceleration (9.80 m·s-2), △P is pressure difference in the evaporation process (Pa). 151 
Based on sorption capacity and time, sorption rate could be then evaluated according to equation 7. 152 
x
v
t



                                     (7) 153 
Mass of composite SrCl2 is measured by the balance (BS2202S) with the measuring error of 0.01 g. 154 
Pressure difference between liquid end and vapor end of the vessel is measured by smart differential pressure 155 
transmitter with a testing error of 0.2%. The relative error of sorption rate of composite sorbent is 0.92%. 156 
 157 
4. Experimental results and discussions 158 
4.1. Thermal diffusivity 159 
Since novel composite SrCl2 reveals similar trends in term of different densities and mass ratios of salt, 160 
representative examples with mass ratio of 50% between SrCl2 and ENG as well as densities from 500 kg·m-3 to 161 
800 kg·m-3 are selected for further illustration of thermal diffusivity, which are shown in Fig.4. Thermal 162 
diffusivities of disk and plate samples are investigated under the condition of different testing temperatures from 163 
20oC to 100oC as shown in Fig.4a and Fig.4b, respectively. It is indicated that thermal diffusivity increases with 164 
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the decrease of testing temperature. This is mainly because higher temperature usually leads to friable structure 165 
inside composite sorbents, which results in larger thermal contact resistance. Plate samples have a higher thermal 166 
diffusivity when compared with that of disk samples. The highest thermal diffusivities of disk and plate samples 167 
are able to reach 1.96 mm2·s-1 and 5.66 mm2·s-1 at 20oC testing temperature. For different testing temperatures, 168 
thermal diffusivities of plate and disk samples range from 1.34 mm2·s-1 to 1.96 mm2·s-1 and 4.02 mm2·s-1 to 5.66 169 
mm2·s-1, respectively.  170 
In order to further illustrate thermal stability of novel composite SrCl2 with ENG and Fe@C, disk sample 171 
with density of 500 kg·m-3 is exemplified to compare thermal diffusivities among different shot times, which is 172 
shown in Fig.5. One remarkable fact is that results among different shot times are quite close at each testing 173 
temperature when temperature increases from 20oC to 100oC. As Table 1 indicates, the equilibrium reaction 174 
temperature of SrCl2 is about 96oC in term of 30oC condensation temperature, it manifests a good repeatability of 175 
thermal diffusivity in its working range. 176 
 177 
  
(a) (b) 
Fig.4. Thermal diffusivity of novel composite SrCl2 with ENG and Fe@C vs. different testing temperatures (a) 178 
disk samples; (b) plate samples. 179 
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 180 
Fig.5. Thermal diffusivity of disk sample of novel composite SrCl2 vs. different shot times. 181 
 182 
In order to comprehensively evaluate thermal diffusivity, composite sorbents with different densities and 183 
mass ratios of salt are compared at 20oC testing temperature i.e. environmental temperature. Fig.6 demonstrates 184 
thermal diffusivity of novel composite SrCl2 with ENG and Fe@C when densities and mass ratios range from 185 
500 kg·m-3 to 800 kg·m-3 and from 50% to 83%, respectively. Results indicate that thermal diffusivities of disk 186 
and plate samples increase with the decrease of mass ratio. For disk sample, thermal diffusivity decreases with 187 
the increase of the density. Comparably, thermal diffusivity of plate sample shows the reverse trend. For different 188 
densities and mass ratios, thermal diffusivities of disk and plate samples range from 1.42 mm2·s-1 to 1.96 mm2·s-1 189 
and 1.99 mm2·s-1 to 5.66 mm2·s-1, respectively. 190 
 191 
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(a) (b) 
Fig.6. Thermal diffusivity of novel composite SrCl2 with ENG and Fe@C vs. different densities and mass ratios 192 
of salt (a) disk samples; (b) plate samples. 193 
 194 
4.2. Thermal conductivity  195 
According to laser flash method, thermal conductivity of novel composite SrCl2 with ENG and Fe@C could 196 
be calculated according to equation 3, in which specific heat capacity could be evaluated by equation 8. Since 197 
ratio of Fe@C accounts for quite a small part of novel composite sorbent, SrCl2 and ENG will have major 198 
influences on specific heat of novel composite SrCl2.  199 
2p,SrCl p,ENG p,Fe@Cp
(1 )C C C C                                (8) 200 
where β is mass ratio of SrCl2 with respect to total mass of novel composite SrCl2, γ is mass ratio of ENG with 201 
respect to total mass of novel composite SrCl2. 202 
Based on thermal diffusivity obtained at 20oC testing temperature, thermal conductivities of disk and plate 203 
samples are evaluated in term of the same densities and mass ratios of salt i.e. from 500 kg·m-3 to 800 kg·m-3 and 204 
from 50% to 83%, which are shown in Fig.7. Results demonstrate that thermal conductivity of novel composite 205 
SrCl2 increases with the decrease of mass ratio of salt and the increase of the density. The highest thermal 206 
conductivities of novel composite SrCl2 could reach 0.9 W·m-1·K-1 and 2.95 W·m-1·K-1 in term of disk and plate 207 
samples when density and mass ratio of salt are 800 kg·m-3 and 50%. The highest thermal conductivity of plate 208 
sample is about 14 times higher than that of granular SrCl2. For different densities and mass ratios of salt, 209 
thermal conductivities of disk and plate samples range from 0.43 W·m-1·K-1 to 0.9 W·m-1·K-1 and 0.55 210 
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W·m-1·K-1 to 2.95 W·m-1·K-1, respectively.  211 
 212 
  
(a) (b) 
Fig.7. Thermal conductivity of novel composite SrCl2 with ENG and Fe@C vs. different densities and mass 213 
ratios (a) disk samples; (b) plate samples. 214 
 215 
Fig.8 indicates anisotropic thermal conductivity of consolidated ENG, which could be referred to our 216 
previous work [39]. One striking fact is that thermal conductivity of disk sample of consolidated composite ENG 217 
first increases, then almost remains stable and decreases in the end when density of consolidated ENG increases 218 
from 200 kg·m-3 to 780 kg·m-3. Different from consolidated ENG, thermal conductivity of novel composite 219 
SrCl2 with ENG and Fe@C increases with the increase of density from 500 kg·m-3 to 800 kg·m-3. The reasons 220 
are elaborated as follows: For composite SrCl2 with ENG and Fe@C, bulk density of ENG is much lower than 221 
that of consolidated ENG. As shown in Fig.2, bulk density of ENG for composite SrCl2 is no more than 400 222 
kg·m-3, which is still in the rising stage of thermal conductivity as shown in Fig.8. Another reason is that the 223 
additives of nanoparticle and porous material will prevent the further compression of ENG since nanoparticle 224 
tends to be easy to occupy the porous structure of composite sorbents. Compared with thermal conductivity of 225 
disk sample, plate sample of novel composite SrCl2 shows a similar trend with consolidated ENG. Thus for 226 
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composite sorbent, thermal conductivities of disk and plate sample increase with the increase of density, which 227 
are conducive to sorption reactor by using compressing technology. 228 
 229 
 230 
  Fig.8. Anisotropic thermal conductivity of consolidated ENG [39]. 231 
 232 
Fig.9. demonstrates thermal conductivities of plate samples with different matrices in term of 500 kg·m-3 233 
density, which are mutually compared for further elaboration. It is indicated that carbon coated metal will 234 
weaken the improvements of thermal conductivities by using porous materials of ENG. For composite sorbents 235 
with different carbon coated metals, thermal conductivity of sorbent with Al@C shows the best heat transfer 236 
performance whereas sorbents with Fe@C and Ni@C reveal the similar performance. Also worth noting that 237 
thermal conductivities of sorbents with different carbon coated metals become quite close when mass ratio of 238 
salt increases from 50% to 83%. This is mainly because mass ratio of ENG declines and mass ratio of salt 239 
increases, and the results are gradually close to thermal conductivity of granular salt. In order to have a 240 
comprehensive investigation of different additives, carbon coated metals and ENG are compared which are 241 
shown in Fig.10. For different densities, thermal conductivity of ENG is much higher than that of carbon coated 242 
metal, which demonstrates its positive effect on heat transfer of granular salt. Thermal conductivity of 243 
consolidated ENG is in the range from 2.55 W·m-1·K-1 to 3.5 W·m-1·K-1. Compared with ENG, thermal 244 
conductivities of carbon coated metals are no more than 0.3 W·m-1·K-1, which are close to the value of granular 245 
salt. Al@C has a higher thermal conductivity than Ni@C and Fe@C due to the fact that density of Al@C is 246 
lower than that of other two. Ni@C and Fe@C have similar results in term of thermal conductivity. 247 
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 248 
 249 
Fig.9. Thermal conductivity of composite sorbent with different matrices. 250 
 251 
  252 
Fig.10. Comparison of thermal conductivity of different matrices. 253 
 254 
4.3. Permeability 255 
Table 2 shows the permeability of novel composite SrCl2 with ENG and Fe@C under the condition of 256 
different densities from 400 kg·m-3 to 600 kg·m-3 and mass ratios of salt from 50% to 83%. It is worth noting 257 
that plate samples enjoy the better permeability than that of disk samples, which is similar with the results of 258 
composite sorbent with ENG and Al@C. Also worth noting that for disk and plate samples, permeabilities range 259 
from 5.4×10-10 m2 to 4.5×10-14 m2 and 1.2×10-9 m2 to 1.5×10-13 m2, respectively. Permeabilities of both disk and 260 
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plate samples increase with the decrease of density and the increase of mass ratio.  261 
 262 
Table 2. Permeability of novel composite SrCl2 with ENG and Fe@C. 263 
Type of sorbent Ratio/Density 400 kg·m-3 500 kg·m-3 600 kg·m-3 
Disk 
50% 2.5×10-13 m2 8.2×10-14 m2 4.5×10-14 m2 
67% 9.3×10-13 m2 3.3×10-13 m2 7.2×10-14 m2 
75% 6.9×10-12 m2 3.9×10-12 m2 4.5×10-13 m2 
80% 9.4×10-11 m2 8×10-12 m2 3.4×10-12 m2 
83% 5.4×10-10 m2 9.9×10-11 m2 5.5×10-12 m2 
Plate 
50% 3×10-12 m2 5×10-13 m2 1.5×10-13 m2 
67% 4.4×10-12 m2 6.5×10-13 m2 3.2×10-13 m2 
75% 3.8×10-11 m2 6.8×10-12 m2 9.8×10-13 m2 
80% 6×10-10 m2 4.4×10-11 m2 5.8×10-12 m2 
83% 1.2×10-9 m2 5.5×10-10 m2 2.1×10-11 m2 
 264 
In order to further illustrate the influence of Fe@C on composite SrCl2, permeability of plate sample with 265 
Fe@C is compared with that without Fe@C when density and mass ratio are in the range from 400 kg·m-3 to 600 266 
kg·m-3 and 50% to 83%, which is shown in Fig.11. It is noted that there exists an inflection point between mass 267 
ration of 67% and 75%. If mass ratio is lower than this point, permeability increases slightly with the increase of 268 
mass ratio. When mass ratio becomes higher, permeability of composite SrCl2 will soar. Also worth noting that 269 
samples with Fe@C always enjoy a higher permeability than that without Fe@C. It is demonstrated that carbon 270 
coated metal is conducive to the improvement of mass transfer performance due to the fact that nanoparticle is 271 
easy to occupy the porous structure of composite sorbent, which further reduces a swelling and agglomeration 272 
phenomenon based on composite sorbent with ENG. Fig.12 indicates permeability of plate samples of composite 273 
SrCl2 with different matrices i.e. ENG, ENG&Fe@C, ENG&Ni@C and ENG&Al@C at the density of 500 274 
kg·m-3. It is indicated that for different matrices, sorbent with Fe@C shows the highest permeability whereas 275 
sorbents without carbon coated metal displays the lowest results. Similar with thermal conductivity, permeability 276 
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of sorbents with Fe@C and Ni@C are relatively close. 277 
 278 
 279 
Fig.11. Permeability of plate samples of composite SrCl2 with and without Fe@C vs. different mass ratios. 280 
 281 
 282 
Fig.12. Permeability of plate samples of composite SrCl2 with different matrices. 283 
 284 
4.4. Sorption characteristic 285 
Fig.13 indicates sorption rate of composite SrCl2 with Fe@C and without Fe@C at different evaporation 286 
temperatures i.e. 10oC, 0oC and -10oC, and sorption temperature i.e. environmental temperature. As Fig.13a 287 
shows, when evaporation temperature is -10oC, composite sorbent with Fe@C has a faster sorption rate than that 288 
without Fe@C due to its higher mass transfer performance. One remarkable fact is that mass transfer 289 
performance becomes critical when evaporation temperature is low. Thus composite sorbent with better 290 
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permeability usually demonstrates an improved sorption performance in freezing conditions. With the increase of 291 
evaporation temperature, sorption performance of SrCl2 with Fe@C and without Fe@C becomes close as shown 292 
in Fig.13b. This could be attributed to the fact that mass transfer performance of composite sorbent without 293 
Fe@C is improved with the increase of evaporation temperature, and heat transfer performance will gradually 294 
take a leading role of sorption rate. For evaporation temperature of 10oC as shown in Fig.13c, sorption rate of 295 
composite SrCl2 with Fe@C and without Fe@C are almost the same which range from 0.193×103 kg·kg-1·s-1 to 296 
0.96×103 kg·kg-1·s-1 due to the similar thermal conductivity. Under this scenario, carbon coated metal has a 297 
limited influence on the improvement of sorption characteristics.  298 
 299 
   
(a) (b) (c) 
 300 
Fig.13. Sorption reaction rate of composite SrCl2 with and without Fe@C vs different evaporation temperatures  301 
(a) -10oC; (b) 0oC; (c) 10oC; 302 
 303 
In order to have comprehensive investigation, composite sorbents with several typical kinds of matrices are 304 
summarized and compared in terms of thermal conductivity, permeability and cost per kilogram sorbent,   305 
which are shown in Table 3. Mass ratio between salt and matrix is 75% and density is around 500 kg·m-3. CaCl2 306 
and SrCl2 are selected as representative sorbents due to their similar properties. One striking fact is that MWCNT 307 
is not suitable for developing composite sorbent due to its remarkably high cost. It is worth noting that 308 
composite sorbent by adding ENG-TSA usually has the highest thermal conductivity whereas it shows the lowest 309 
permeability. Thus ENG-TSA could be a possible candidate for sorption system if mass transfer is not required 310 
that high, e.g. evaporation temperature is above 0oC. For conventional sorption chiller, ENG is still a good 311 
choice due to the reasonable heat and mass transfer performance. If sorption system is applied for both air 312 
conditioning and freezing condition, composite sorbents with ENG and carbon coated metal will take an 313 
improved effect for the system e.g. sorption freezer or sorption heat pump at a low environmental temperature. 314 
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The additional cost by adding carbon coated metal could be accepted, which is no more than 20% when 315 
compared with that using ENG. The cost difference by using ENG with and without carbon coated metal in 316 
Table 3 is mainly due to the difference from cost of granular CaCl2 and SrCl2. 317 
 318 
Table 3. General comparison among common composite sorbents by using different matrices. 319 
Composite sorbent 
Density 
(kg·m-3) 
Thermal conductivity 
(W·m-1·K-1) 
Permeability 
(m2) 
Cost 
(CNY·kg-1) 
Ref. 
CaCl2/ENG 550 1.36 4×10-12 78 [24] 
CaCl2/ENG-TSA 500 27.1 7.3×10-13 320 [28] 
CaCl2/MWCNT - 1.52 - 2000 [30] 
CaCl2/GF - 0.57 - 550 [40] 
SrCl2/ENG&Al@C 500 1.12 5.1×10-12 160 [41] 
SrCl2/ENG&Ni@C 500 1.05 5.8×10-12 152 [42] 
SrCl2/ENG&Fe@C 500 1 6.8×10-12 154 Present study 
 320 
5. Conclusions 321 
Novel composite SrCl2 is developed with ENG and Fe@C as the additive to improve heat and mass transfer 322 
performance. Anisotropic thermal conductivity and permeability of the samples are investigated and compared 323 
with that by using different carbon coated metals. Sorption characteristic is also investigated for further 324 
elaboration based on heat and mass transfer performance. Conclusions are yielded as follows: 325 
[1] Thermal diffusivity increases with the decrease of testing temperature and the decrease of mass ratio. 326 
For different densities and mass ratios of salt, thermal diffusivities of disk and plate samples range 327 
from 1.42 mm2·s-1 to 1.96 mm2·s-1 and 1.99 mm2·s-1 to 5.66 mm2·s-1. The highest thermal 328 
conductivities of novel composite SrCl2 with ENG and Fe@C could reach 0.9 W·m-1·K-1 and 2.95 329 
W·m-1·K-1 in term of disk and plate samples when density and mass ratio are 800 kg·m-3 and 50%. For 330 
different densities and mass ratios of salt, thermal conductivities of disk and plate samples range from 331 
0.43 W·m-1·K-1 to 0.9 W·m-1·K-1 and 0.55 W·m-1·K-1 to 2.95 W·m-1·K-1, respectively.  332 
[2] Thermal conductivity of compact ENG is in the range from 2.55 W·m-1·K-1 to 3.5 W·m-1·K-1. 333 
Compared with ENG, thermal conductivity of carbon coated metal is no more than 0.3 W·m-1·K-1, 334 
which is close to the value of granular salt. Al@C has the higher thermal conductivity than Ni@C and 335 
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Fe@C whereas Ni@C and Fe@C have the similar thermal conductivity. 336 
[3] For disk and plate samples permeabilities range from 5.4×10-10 m2 to 4.5×10-14 m2 and 1.2×10-9 m2 to 337 
1.5×10-13 m2, respectively. Permeability increases with the decrease of density and the increase of 338 
mass ratio in term of disk and plate samples. For different matrices, sorbent with Fe@C shows the 339 
highest thermal permeability whereas sorbents without carbon coated metal reveals the lowest results. 340 
Permeabilities of the sorbents with Fe@C and Ni@C are similar. 341 
[4] Considering sorption characteristic of composite sorbents, sorption reaction rate is mainly determined 342 
by mass transfer performance when evaporation temperature is -10oC, and composite sorbent with 343 
Fe@C has a faster sorption reaction rate than that without Fe@C. With the increase of evaporation 344 
temperature, sorption rate of composite SrCl2 with Fe@C and without Fe@C become close. When 345 
evaporation temperature is 10oC, sorption rates of composite SrCl2 with Fe@C and without Fe@C are 346 
almost the same. 347 
With potentially wide use of nanoparticles for material improvement in various fields of energy conversion 348 
technologies e.g. absorption refrigeration and chemical heat pump, composite sorbent with ENG and carbon 349 
coated metal could be considered as a method to modify the performance of sorption system in terms of different 350 
energy demands. It takes an advantage especially for the place with relatively low environmental temperature, 351 
which further broadens temperature application range of sorption system when compared with vapor 352 
compression system. 353 
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